Key PointsSympathetic predominance and myocardial ion channel remodeling are present in rats with chronic epilepsyAltered cardiac electrophysiology is evident in a model of chronic epilepsyModulating sympathetic tone may represent a therapeutic target for cardiac protection in chronic epilepsy

 {#epi412107-sec-0006}

Epilepsy is a common neurological condition affecting more than 50 million people worldwide.[1](#epi412107-bib-0001){ref-type="ref"} Clinical observations from individuals with epilepsy have demonstrated elevated resting heart rate (HR), decreased heart rate variability (HRV), and prolongation of the corrected QT interval (QTc), indicating cardiac sympathetic predominance and altered ventricular repolarization.[2](#epi412107-bib-0002){ref-type="ref"}, [3](#epi412107-bib-0003){ref-type="ref"}, [4](#epi412107-bib-0004){ref-type="ref"} Seizures can exacerbate these abnormalities with worsening of the QTc interval derangements, abnormal ventricular conduction, and ventricular arrhythmias.[5](#epi412107-bib-0005){ref-type="ref"}, [6](#epi412107-bib-0006){ref-type="ref"}, [7](#epi412107-bib-0007){ref-type="ref"}, [8](#epi412107-bib-0008){ref-type="ref"} Fatal and near‐fatal cases of seizure‐associated ventricular tachycardia (VT), ventricular fibrillation (VF), and asystole[9](#epi412107-bib-0009){ref-type="ref"}, [10](#epi412107-bib-0010){ref-type="ref"}, [11](#epi412107-bib-0011){ref-type="ref"} highlight the possibility that an increased ventricular arrhythmogenic risk may accompany epilepsy, which in some instances may contribute to early mortality including sudden unexpected death in epilepsy (SUDEP).[12](#epi412107-bib-0012){ref-type="ref"}, [13](#epi412107-bib-0013){ref-type="ref"}

In models of status epilepticus--induced acquired epilepsy, in which there is an initial episode of status epilepticus that is followed by spontaneous recurrent seizures (epilepsy) later in life, molecular and electrophysiological alterations reflecting myocardial ion channel remodeling and sympathetic predominance have been described early in the development of epilepsy.[14](#epi412107-bib-0014){ref-type="ref"}, [15](#epi412107-bib-0015){ref-type="ref"}, [16](#epi412107-bib-0016){ref-type="ref"}, [17](#epi412107-bib-0017){ref-type="ref"}, [18](#epi412107-bib-0018){ref-type="ref"} Specifically, decreased myocardial voltage‐gated K^+^ channels (Kv~4.2~) and hyperpolarization‐activated cyclic nucleotide‐gated channel subunit 2 (HCN2), and the associated electrophysiological alterations have been reported in these epileptic animals.[15](#epi412107-bib-0015){ref-type="ref"}, [16](#epi412107-bib-0016){ref-type="ref"}, [17](#epi412107-bib-0017){ref-type="ref"} Furthermore, physiological interrogations of the autonomic nervous system\'s influence on HR and molecular examination of the myocardial β1‐adrenergic receptor levels revealed sympathetic predominance in the epileptic animals.[14](#epi412107-bib-0014){ref-type="ref"}, [16](#epi412107-bib-0016){ref-type="ref"}, [18](#epi412107-bib-0018){ref-type="ref"} Kv~4.2~ channels have predominant activity in early repolarization represented by the transient outward current (*I* ~TO~), whereas HCN channels contribute to the automaticity of the cardiac pacemaker cells.[19](#epi412107-bib-0019){ref-type="ref"}, [20](#epi412107-bib-0020){ref-type="ref"} Alterations of the ion channels that contribute to cardiac action potential, in conjunction with increased sympathetic tone, may lead to cardiac electrical instability and increased excitability.

Accordingly, increased susceptibility to chemically induced VT/VF was observed early in the development of epilepsy.[14](#epi412107-bib-0014){ref-type="ref"}, [15](#epi412107-bib-0015){ref-type="ref"}, [21](#epi412107-bib-0021){ref-type="ref"} Attenuating sympathetic nervous system activity by administrating a β‐blocker (atenolol) prior to the induction of status epilepticus has been shown to decrease ventricular excitability, prevent QTc interval prolongation, and decrease VT/VF susceptibility following status epilepticus.[15](#epi412107-bib-0015){ref-type="ref"}, [22](#epi412107-bib-0022){ref-type="ref"} However, treatment with β‐adrenergic blockers before the onset of spontaneous recurrent seizures, as in these prior studies, has less translational significance than instituting therapy when epilepsy is fully established, which to our knowledge has not yet been evaluated. Furthermore, although chronically epileptic animals are known to exhibit periictal and interictal cardiac electrophysiological alterations,[23](#epi412107-bib-0023){ref-type="ref"}, [24](#epi412107-bib-0024){ref-type="ref"} the molecular underpinning of these alterations is not well understood. Thus, additional studies are needed to evaluate whether myocardial ion channel remodeling, sympathetic predominance, and the associated electrophysiological derangement persist in the chronically epileptic animals; and if so, whether treatment with β‐adrenergic blockers late in the course of epilepsy will modify the arrhythmogenic risk.

Here we build upon previous studies by further exploring cardiac molecular and electrophysiological alterations in chronically epileptic animals using the model of pilocarpine‐induced epilepsy in rats. We found in the chronically epileptic animals decreased myocardial Kv~4.2~ and Kv~4.3~ ion channel, as well as decreased β1 and increased α1~A~ adrenergic receptor protein levels. Concurrently, the epileptic animals exhibited altered cardiac electrophysiology and stimulation‐induced ventricular excitability, which were ameliorated by β‐adrenergic antagonist. Our findings suggest that sympathetic predominance and myocardial ion channel remodeling, along with altered cardiac electrophysiology and ventricular excitability, remain a significant cardiac morbidity in a model of chronic epilepsy. The beneficial effects of the β‐adrenergic antagonist on the cardiac electrophysiology of the chronically epileptic animals suggest that modulating sympathetic tone represents a potential therapeutic target for cardiac protection in chronic epilepsy.

Materials and Methods {#epi412107-sec-0007}
=====================

Generation of epileptic animals {#epi412107-sec-0008}
-------------------------------

This study was approved by the Baylor College of Medicine Institutional Animal Care and Use Committee. Status epilepticus was induced in 30‐ to 40‐day‐old male Sprague‐Dawley rats (120‐150 g) using pilocarpine (300 mg/kg, ip). To prevent pilocarpine from activating peripheral muscarinic receptors, animals were given scopolamine (1 mg/kg, ip) 30 min prior to pilocarpine administration. Behavioral seizures and status epilepticus were monitored using the Racine scale. Convulsive status epilepticus was defined as Racine stage 4 (rearing) or stage 5 (rearing and falling). Following 1 hour of status epilepticus, the animals were treated with pentobarbital (20 mg/kg, ip) to terminate the seizures. Subsequently, an observer monitored the animals in real‐time at random 4‐hour blocks for behavioral seizures from 2 to 5 months following status epilepticus. The animals were considered epileptic if they exhibited spontaneous behavioral seizures. Age‐matched sham animals received scopolamine (1 mg/kg, ip), normal saline (3 μl/kg), and pentobarbital (20 mg/kg).

Immunoblotting of the myocardial adrenergic receptors and ion channels {#epi412107-sec-0009}
----------------------------------------------------------------------

Myocardial adrenergic receptor and ion channel protein levels were examined in chronically epileptic (7‐18 months following pilocarpine induction) and age‐matched sham animals. Hearts were removed, placed in liquid nitrogen, and ground into fine powder. Whole heart powder was suspended (1 g/10 ml) and homogenized in a buffer containing HEPES (4 m[m]{.smallcaps}, pH 7.0), sucrose (320 m[m]{.smallcaps}), and protease inhibitor cocktail (Roche, Mannheim, Germany). The homogenate was centrifuged at 2,000×***g*** for 10 minutes. The resulting pellets were suspended, homogenized, and centrifuged again at 2,000×***g*** for 10 minutes. The supernatants from the 2 centrifugation steps were pooled as whole heart homogenates. Twenty‐five micrograms of proteins were separated by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis (SDS‐PAGE) and probed with antibodies against the voltage‐gated Na^+^ channel: Nav~1.5~ (1:500); voltage‐gated K^+^ channels: Kv~4.2~ (1:500), Kv~4.3~ (1:500), Kv~7.1~ (1:200), and Kir~2.1~ (1:200); L‐type Ca^2+^ channel: Cav~1.2~ (1:500), and adrenergic receptors: β1‐ (1:500), β2‐ (1:500), and α1‐ (1:500). glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) (1:5,000) was used as a lane loading control. After incubating with horseradish peroxidase--conjugated secondary antibody (1:5,000‐1:10,000) for one hour, the protein bands were visualized using chemiluminescent reagents and exposed to X‐ray film. The mean gray density of immunoreactive bands was obtained and analyzed using the Image J. The immunoreactive bands from the proteins of interest were normalized to the GAPDH levels for the corresponding protein. Kv~4.2~, Kv~4.3~ antibodies (mouse monoclonal) were purchased from NeuroMab (UC Davis, CA). Nav~1.5~, Cav~1.2~, and Kv~7.1~ antibodies (rabbit polyclonal) were purchased from Alomone Labs (Jerusalem, Israel). β1, β2, α1 (rabbit polyclonal), and GAPDH (mouse monoclonal) antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX).

Electrocardiography (ECG) measurements {#epi412107-sec-0010}
--------------------------------------

Electrocardiography (ECG) recordings were performed in chronically epileptic animals (7‐18 months following pilocarpine induction, n = 15) and age‐matched shams (n = 21). Animals were anesthetized using ketamine/xylazine/acepromazine (per gram of body weight: 42.86 μg ketamine, 8.57 μg xylazine, 1.43 μg acepromazine, ip) and allowed 5 minutes of stabilization until ECG recordings were acquired. Single channel ECG in lead II configuration was recorded for 10 minutes using a VSM7 multiparameter monitor (VetSpecs, Canton, GA). HR, PR, and QRS and QT intervals were manually measured at 15 minutes from the induction of anesthesia. The QTc interval was calculated using Bazett\'s formula: QTc = QT/√RR.[25](#epi412107-bib-0025){ref-type="ref"}

Ex vivo optical mapping {#epi412107-sec-0011}
-----------------------

Age‐matched epileptic and sham animals (n = 5/group, 15 months following pilocarpine induction) were anticoagulated with heparin (1,000 U/kg, ip) and anesthetized using pentobarbital (50 mg/kg, ip). Hearts were rapidly removed and perfused in a retrograde fashion in a Langendorff apparatus with oxygenated Tyrode\'s solution (NaCl 136 m[m]{.smallcaps}, KCl 5.4 m[m]{.smallcaps}, CaCl~2~ 1.8 m[m]{.smallcaps}, MgCl~2~ 1.0 m[m]{.smallcaps}, NaH~2~PO~4~ 0.33 m[m]{.smallcaps}, Hepes 10 m[m]{.smallcaps}, glucose 10 m[m]{.smallcaps}, pH 7.2), and kept at a constant perfusion pressure of 60‐65 mm Hg at 37°C. The perfusion pressure was monitored using an in‐line physiological pressure transducer that connected to an amplifier (AD Instruments, Colorado Springs, CO). The heart was stained with voltage‐sensitive dye RH237 (0.33 μ[m]{.smallcaps}, Invitrogen, Carlsbad, CA) for 10 minutes, which binds to the outer layer of cell bilayer membranes of cardiomyocytes for measuring membrane potential. Optical mapping studies are based on the principle that voltage‐sensitive dyes alter their emission spectra in response to changes in transmembrane voltage. To prevent motion artifacts, blebbistatin at final concentration of 5 μ[m]{.smallcaps} was applied as an excitation--contraction uncoupler. After staining, green light from both a 532 nm (Power Technology Inc, Alexander, AR) and a 520 ± 20 nm X‐Cite Series 120 system (Exfo, Ontario, Canada) laser light source was shone directly onto the heart. Emitted fluorescence was split by a 630 nm dichroic mirror and collected through a 710 nm long‐pass filter using two electron‐multiplying CCD cameras (Cascade 128+, Photometrics, Tucson, AZ). A grid was used to calibrate the locations in the field of view of these two CCD cameras. Simultaneous signals are recorded with synchronized CCD cameras operating at 500 frames per second with a spatial resolution of 0.14 × 0.14 mm^2^ per pixel. Unipolar stimuli were delivered to the ventricle at a 5 V output using platinum electrodes and a Grass stimulator (S88X, Grass Technologies, West Warwick, RI). Stimulations were computer‐controlled, and pacing sequences were the following: (1) steady state 3 Hz pacing, followed by (2) 2 s of pacing duration with progressively faster pacing rate from 200 msec cycle length to 70 msec cycle length. Each pacing protocol was performed in duplicate.

In vivo cardiac electrophysiology {#epi412107-sec-0012}
---------------------------------

Cardiac electrophysiological studies in vivo were performed to evaluate the propensity for ventricular arrhythmias in chronically epileptic (7‐12 months following pilocarpine induction) and age‐matched sham animals. To evaluate whether β‐adrenergic blockade was protective against ventricular arrhythmias in the epileptic compared to sham rats, a subset of animals was treated with atenolol (10 mg/kg/dose, ip)[26](#epi412107-bib-0026){ref-type="ref"} or saline twice daily for 3 days prior to the studies (sham + vehicle = 13, sham + atenolol = 4, epileptic + vehicle = 17, epileptic + atenolol = 9). To investigate whether atenolol could reverse ECG abnormalities, a subset of animals (n = 3 for sham + vehicle, sham + atenolol, and epileptic + vehicle; n = 6 for epileptic + atenolol) underwent ECG recording prior to and following atenolol treatment. Animals were anesthetized using 2% isoflurane in 1 L/min O~2~. A 6‐lead body‐surface ECG and 4 intracardiac electrograms were recorded using a computer‐based acquisition system (Emka Technologies). Animals' body temperatures were maintained at 36°C using a heating pad. We measured HRV from the surface ECG recordings prior to the electrophysiological (EP) studies as an additional surrogate marker for cardiac autonomic control. Standard deviation of the NN intervals (SDNN) and square root of the mean squared differences of successive NN intervals (RMSSD) represented time domain variables. Frequency domain variables included low frequency (LF: 0.05--0.75 Hz) and high frequency (HF: 0.75--2.5 Hz).[24](#epi412107-bib-0024){ref-type="ref"} Atrial and ventricular intracardiac electrograms were recorded using a 1.6F octopolar catheter (EPR‐802, Millar Instruments, Houston, TX) inserted into the right external jugular vein. Bipolar right atrial pacing and right ventricular pacing were performed using 2‐msec current pulses delivered by an external stimulator (STG‐3008; Multi Channel Systems, Reutlingen, Germany). To induce ventricular arrhythmias, programmed electrical stimulation was performed at cycle lengths of 100 msec for 8 beats followed by 1 extra‐stimulus (S~2~) at shorter coupling intervals. Ventricular tachycardia was defined as a sequence of \>3 spontaneous ventricular beats following program electrical stimulation. Each animal underwent 2 or 3 programmed electrical stimulation (PES) trials. An animal was considered susceptible to PES‐induced VT if 2 of the 3 trials resulted in VT.

Statistical analysis {#epi412107-sec-0013}
--------------------

Survival curves were compared using the Mantel‐Cox test. Continuous variables were analyzed using either 2‐tailed Student *t*‐test or analysis of variance (ANOVA) with post hoc *Tukey*. Categorical variables were analyzed using χ^2^ test with post hoc Fisher\'s exact test. Optical mapping data were analyzed with custom software using spatial and temporal filtering. Conduction velocities were calculated using single vector method by the line of conduction from the stimulus site (apex of the ventricle) to the homogeneous spread distally (base of the ventricle). All results were expressed as mean ± standard error of the mean (SEM).

Results {#epi412107-sec-0014}
=======

Chronically epileptic animals exhibited altered levels of myocardial adrenergic receptors and Kv~4.x~ potassium channels {#epi412107-sec-0015}
------------------------------------------------------------------------------------------------------------------------

Starting at around 12 months of age, the epileptic animals began to exhibit increased mortality compared with the age‐matched shams, with log‐rank hazard ratio analysis demonstrating double the death rate in the epileptic animals (95% confidence interval: 1.40--3.86, p \< 0.01; Method S1, Figure [S1](#epi412107-sup-0001){ref-type="supplementary-material"}) Because these death events were unexpected, we sought to investigate whether myocardial changes in animals with chronic epilepsy may provide a plausible mechanism contributing the early mortality.

We evaluated changes in myocardial adrenergic receptor levels as a surrogate marker for persistently increased sympathetic tone in chronically epileptic animals between 9 and 20 months age. We found decreased protein levels of β1‐adrenergic receptors (100.1 ± 13.4% vs. 53.3 ± 6.9%, sham vs. epileptic, n = 10/group, p \< 0.01), increased levels of α1~A~‐adrenergic receptors (100.0 ± 3.4% vs. 136.0 ± 4.6%, sham vs. epileptic, n = 5/group, p \< 0.001), and no difference in the β2‐receptor protein levels (100.0 ± 21.6% vs. 110.7 ± 35.4%, sham vs. epileptic, n = 6/group) in the epileptic compared with sham animals (Figure [1](#epi412107-fig-0001){ref-type="fig"}A). We surveyed representative myocardial ion channels in each phase of ventricular action potential and found no changes in the protein levels of Nav~1.5~ (upstroke), Cav~1.2~ (plateau), and Kv~7.1~ (late repolarization) (Figure [S2](#epi412107-sup-0001){ref-type="supplementary-material"}). Compared with the sham animals, the myocardium of epileptic animals exhibited decreased protein levels of Kv~4.2~ (100.0 ± 18.6% vs. 52.0 ± 10.3% sham vs. epileptic, n = 12--14/group, p \< 0.05) and Kv~4.3~ (100.0 ± 12.7% vs. 34.5 ± 10.1% sham vs. epileptic, n = 12--14/group, p \< 0.01), which have predominant activity during early repolarization (Figure [1](#epi412107-fig-0001){ref-type="fig"}B).

![Altered myocardial protein levels of adrenergic receptors and Kv~4.x~ ion channels in epileptic animals. **A,** Whole heart homogenates that were obtained from the hearts of sham and epileptic animals were probed with antibodies against β1‐, β2‐, and α1‐adrenergic receptors. Myocardial homogenates from epileptic compared to that from sham animals had significantly decreased immunoreactivity for β1‐adrenergic receptors, increased immunoreactivity for α1~A~‐adrenergic receptors, and no significant difference in immunoreactivity for β2‐receptors. **B,** Whole heart homogenates were probed with antibodies against Kv~4.2~ and Kv~4.3~ ion channels. Myocardial homogenates from epileptic compared with sham animals had significantly decreased immunoreactivity for Kv~4.2~ and Kv~4.3~ channels. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001](EPI4-3-213-g001){#epi412107-fig-0001}

Myocardium from chronically epileptic animals exhibited altered electrical properties and increased excitability {#epi412107-sec-0016}
----------------------------------------------------------------------------------------------------------------

Compared with age‐matched sham animals, chronically epileptic animals (7‐18 months following status epilepticus) exhibited a myriad of ECG alterations. These changes included higher resting HR (244 ± 3 bpm vs. 270 ± 10 bpm, sham vs. epileptic, n = 15--21/group, p \< 0.05) (Figure [2](#epi412107-fig-0002){ref-type="fig"}A), longer QTc intervals (272 ± 10 msec vs. 336 ± 11 msec sham vs. epileptic, n = 15--21/group, p \< 0.001) (Fig. [2](#epi412107-fig-0002){ref-type="fig"}B), and longer QRS intervals (67 ± 4 msec vs. 89 ± 5 msec sham vs. epileptic, n = 15--21/group, p \< 0.01) (Fig. [2](#epi412107-fig-0002){ref-type="fig"}C). There were no differences in HRV parameters between sham and chronically epileptic animals (Method S1, Table [S1](#epi412107-sup-0003){ref-type="supplementary-material"}).

![Epileptic animals exhibited higher HR and longer QRS and QTc intervals. Single channel ECG recordings in the lead II configuration were obtained in anesthetized animals. Compared with the age‐matched sham animals, chronically epileptic animals (7‐18 months following status epilepticus) had a higher HR (**A**), and longer QTc (**B**) and QRS (**C**) intervals. n = 15--21/group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001](EPI4-3-213-g002){#epi412107-fig-0002}

Observed ECG alterations were not associated with structural or functional changes in the hearts of chronically epileptic animals. Cardiac magnetic resonance imaging studies in the epileptic animals at 4 months of age demonstrated no significant differences in the left and right ventricular ejection fraction, end diastolic volume, and left ventricular mass compared with sham animals (Method S1, Table [S2](#epi412107-sup-0003){ref-type="supplementary-material"}). Similarly, echocardiographic studies in the epileptic animals performed at 9 months of age demonstrated no significant differences in shortening fraction, interventricular septal thickness, posterior wall thickness, and internal dimension of the left ventricle during systole and diastole compared with the sham animals (Method S1, Table [S3](#epi412107-sup-0003){ref-type="supplementary-material"}). Furthermore, a veterinary pathologist who was blinded to the group assignment reviewed the hematoxylin and eosin (H&E) staining at 9‐14 months of age and concluded that sham and epileptic animals exhibited comparable myocardial histology (Method S1, Figure [S3](#epi412107-sup-0002){ref-type="supplementary-material"}).

To determine whether the observed ECG abnormalities in chronically epileptic animals reflected changes in the intrinsic cardiac electrical properties and contributed to increased ventricular excitability, we mapped action potential propagation across the ventricles using an ex vivo (Langendorff) heart preparation with denervated hearts, a voltage‐sensitive dye, and electrical stimulation of the ventricles. The cardiac optical mapping ex vivo demonstrated significantly slower conduction velocity in the hearts of chronically epileptic animals compared with sham animals at all diastolic intervals (n = 5/group, p \< 0.05, unpaired Student *t*‐test, Figure [3](#epi412107-fig-0003){ref-type="fig"}A). Ventricular ectopic foci were observed in 2 of 5 epileptic animals during electrical stimulation, whereas no ectopic foci were evident in ventricles from sham animals (Figure [3](#epi412107-fig-0003){ref-type="fig"}B). In sham animals, all the action potentials were elicited by the electrical stimulation. These action potentials always originated at the site of the electrical stimulation and each action potential propagated in the same direction (Figure [3](#epi412107-fig-0003){ref-type="fig"}B). In contrast, in the epileptic animals, each electrical stimulus elicited additional ectopic action potentials in a 1:2 ratio (paced‐to‐ectopic beats). The ectopic action potentials arose at locations different from the site of electrical stimulation and propagated in various directions (Figure [3](#epi412107-fig-0003){ref-type="fig"}B). Together, these findings suggest alterations in the intrinsic electrical properties of the myocardium of chronically epileptic animals, which are associated with increased ventricular excitability.

![Epileptic animals exhibited altered cardiac electrical properties and increased ventricular excitability. **A,** Ex vivo optical mapping using voltage‐sensitive dye RH237 and incrementally faster electrical pacing revealed slower conduction velocity (CV) in epileptic (open circles) compared to sham animals (closed circles) at all cycle lengths. n = 5/group. \* p \< 0.05. \*\* p \< 0.01. **B**,**C,** Sample tracings of the isochronal maps (top) and corresponding voltage‐dependent fluorescence intensity (bottom) are shown from a sham (B) and an epileptic animal (C). Vertical marks represent electrical stimulation. **B,** In the sham animals, all the action potentials (P) were elicited by the electrical stimulation (red arrows). The isochronal maps for the first 3 action potentials (beats a, b, c) in the sham demonstrate that they originated at the site of the electrical stimulation (\*) and propagated in the same direction. **C,** In the epileptic animals, electrical stimulations that elicited action potentials (red arrows) also triggered additional ectopic action potentials (E). The corresponding isochronal maps for the ectopic beats (beats b, c) demonstrated different origin and direction of propagation away from the site of the electrical stimulation (\*).](EPI4-3-213-g003){#epi412107-fig-0003}

Chronically epileptic animals exhibited stimulation‐induced ventricular tachycardia in vivo that was rescued with β‐adrenergic blockade {#epi412107-sec-0017}
---------------------------------------------------------------------------------------------------------------------------------------

To assess arrhythmogenic potential in chronically epileptic animals and to evaluate the contribution of increased sympathetic drive, in vivo cardiac EP studies were conducted. Atenolol‐treated epileptic animals exhibited lower HR and shorter QTc intervals after 3 days of drug administration (HR: 343 ± 11 bpm vs. 298 ± 8 bpm, pre‐atenolol vs post‐atenolol, n = 6/group, p \< 0.01; QTc: 239.8 ± 19.4 msec vs 208.6 ± 16.4 msec, n = 6/group, p \< 0.01; paired Student *t*‐test, Figure [4](#epi412107-fig-0004){ref-type="fig"}A,B). We did not observe HR differences in sham animals before and after atenolol treatment; however, QTc intervals were decreased after 3 days of atenolol treatment (Figure [S4](#epi412107-sup-0002){ref-type="supplementary-material"}). We found that 12 of 17 vehicle‐treated epileptic animals were susceptible to PES‐induced VT (Figure [4](#epi412107-fig-0004){ref-type="fig"}C). In contrast, fewer atenolol‐treated epileptic animals (2 of 9) were susceptible to PES‐induced VT as compared with vehicle‐treated epileptic animals (12 of 17) (Fisher\'s exact test, p \< 0.05, Figure [4](#epi412107-fig-0004){ref-type="fig"}C). By comparison, 4 of 13 vehicle‐treated and 0 of 4 atenolol‐treated sham animals were susceptible to PES‐induced VT, which was not significantly different from the vehicle‐treated epileptic animals (Figure [4](#epi412107-fig-0004){ref-type="fig"}C). There were 3 deaths each in vehicle‐treated sham and epileptic animals that resulted from prolonged VT that degenerated to VF and asystole. In contrast, there were no deaths in atenolol‐treated sham and epilepsy animals. Of interest, 2 atenolol‐treated epileptic animals survived after having prolonged stimulation‐induced VT (\>1 min) that spontaneously returned to sinus rhythm (Figure [4](#epi412107-fig-0004){ref-type="fig"}D).

![Atenolol slowed HR, shortened the QTc interval, and decreased the incidence of VT in the epileptic animals. **A,** Epileptic animals that were treated with normal saline (epileptic + vehicle, n = 3) exhibited no changes in HR (pre‐vehicle vs post‐vehicle). In contrast, atenolol‐treated epileptic animals (epileptic + atenolol, n = 6), exhibited lower HR following atenolol administration (pre‐atenolol vs post‐atenolol). **B,** Saline‐treated epileptic animals exhibited no changes in QTc intervals (pre‐vehicle vs post‐vehicle). Epileptic animals that received atenolol exhibited decreased QTc intervals following atenolol administration (pre‐atenolol vs post‐atenolol, n = 6). **C,** Four of 13 vehicle‐treated and 0 of 4 atenolol‐treated sham animals had PES‐induced VT. By comparison, 12 of 17 vehicle‐treated epileptic animals had PES‐induced VT. Significantly fewer atenolol‐treated epileptic animals (2 of 9) exhibited PES‐induced VT as compared with vehicle‐treated epileptic animals. **D,** Surface (L1) and intracardiac tracings (ventricular electrogram) demonstrate a prolonged VT episode degenerating into ventricular fibrillation (VF) and ultimately asystole in the vehicle‐treated epileptic animals. Traces are shown from an atenolol‐treated epileptic animal that exhibited spontaneous conversion from prolonged VT to sinus rhythm (SR). VT is shown as marked and conversion to SR is indicated by a P wave (P) that is followed by the QRS (R). Arrows indicate the last electrical stimulations. \*p \< 0.05, \*\*p \< 0.01](EPI4-3-213-g004){#epi412107-fig-0004}

Discussion {#epi412107-sec-0018}
==========

We found in animals with chronic epilepsy, molecular and electrophysiological alterations that suggest persistent sympathetic predominance and myocardial ion remodeling. These changes may contribute to ventricular excitability and stimulation‐induced ventricular arrhythmias. Although cardiac sympathetic predominance with increased HR, a prolonged QTc interval, and increased susceptibility to ventricular arrhythmia have been described early following experimental status epilepticus,[15](#epi412107-bib-0015){ref-type="ref"}, [18](#epi412107-bib-0018){ref-type="ref"}, [21](#epi412107-bib-0021){ref-type="ref"} cardiac electrophysiological and molecular alterations associated with chronic epilepsy are not well understood. There have been conflicting electrophysiological observations in chronic epilepsy models, with a higher HR but without QTc interval prolongation being described in chronically epileptic rats in one study,[24](#epi412107-bib-0024){ref-type="ref"} and a slower HR with QTc interval prolongation being reported in another.[17](#epi412107-bib-0017){ref-type="ref"} Our finding of decreased β1 and increased α1 myocardial receptor levels provide a molecular correlate that is consistent with increased sympathetic tone.[27](#epi412107-bib-0027){ref-type="ref"}, [28](#epi412107-bib-0028){ref-type="ref"}, [29](#epi412107-bib-0029){ref-type="ref"} However, decreased parasympathetic input has been reported in chronic epilepsy,[24](#epi412107-bib-0024){ref-type="ref"} which can also account for autonomic nervous system imbalance favoring sympathetic overdrive. Therefore, whether sympathetic predominance is due to a decrease in parasympathetic or an increase in sympathetic input in chronic epilepsy remains to be an area of active investigation.

Under physiological conditions, β‐adrenergic receptors (primarily β1) mediate intracellular signal transduction in the myocardium in response to sympathetic nervous system stimulation. However, persistent sympathetic stimulation can adversely affect myocardial health through several mechanisms including increased arrhythmogenic potential, myocardial death, and pathological cardiac hypertrophy with fibrosis.[30](#epi412107-bib-0030){ref-type="ref"}, [31](#epi412107-bib-0031){ref-type="ref"} Desensitization of β1 adrenergic receptors through either decreased receptor levels or uncoupling of the intracellular signal cascades may represent an adaptive response to persistently elevated sympathetic tone at the expense of decreased catecholamine sensitivity.[27](#epi412107-bib-0027){ref-type="ref"} Therefore, under these pathological conditions, increased α1 adrenergic receptor levels play a greater role in maintaining cardiac function by maintaining myocardial catecholamine sensitivity and inducing physiological myocardial hypertrophy.[29](#epi412107-bib-0029){ref-type="ref"}, [32](#epi412107-bib-0032){ref-type="ref"}, [33](#epi412107-bib-0033){ref-type="ref"} Our observations of altered myocardial adrenergic receptor levels and electrophysiological properties, as well as ventricular hyperexcitability, suggest that myocardial adrenergic receptor remodeling may be deleterious to cardiac electrical properties in epilepsy. Additional studies will be needed to further elucidate the roles of individual adrenergic receptor subtypes on epilepsy‐associated cardiac electrical remodeling.

Somatic ion channel mutations have been shown to manifest in seizures, altered cerebral and cardiac electrophysiology, and arrhythmias.[34](#epi412107-bib-0034){ref-type="ref"}, [35](#epi412107-bib-0035){ref-type="ref"}, [36](#epi412107-bib-0036){ref-type="ref"}, [37](#epi412107-bib-0037){ref-type="ref"} These observations suggest that myocardial ion channelopathies may contribute to the cardiac electrophysiological alterations associated with epilepsy. Accordingly, decreased expression of HCN2, an ion channel that contributes to the cardiac pacemaker activity, was observed in the epileptic rats early following kainate‐induced status epilepticus.[17](#epi412107-bib-0017){ref-type="ref"} Furthermore, we have previously reported decreased myocardial Kv~4.2~ protein levels 2 weeks following pilocarpine‐ and in kainate‐induced status epilepticus.[15](#epi412107-bib-0015){ref-type="ref"}, [16](#epi412107-bib-0016){ref-type="ref"} In the studies reported here, we surveyed representative ion channels that contribute to the ventricular action potential in chronically epileptic rats (7‐18 months following pilocarpine induction) and found significantly decreased protein levels of Kv~4.2~ and Kv~4.3~ ion channels. Our findings indicate that changes in these ion channels previously reported as downregulated early in the development of epilepsy persist until late in the course of chronic epilepsy. These voltage‐dependent K^+^ channels contribute to the transient outward potassium current (*I* ~TO~) in early myocardial repolarization in rodents. A decrease in Kv~4.x~ channels and a subsequent loss of *I* ~TO~ is a finding seen in diverse cardiac pathologies and is known to confer an increased arrhythmogenic risk.[38](#epi412107-bib-0038){ref-type="ref"} Furthermore, these changes in Kv~4.x~ channels and *I* ~TO~ are seen with chronic β‐adrenergic stimulation and tachycardia,[31](#epi412107-bib-0031){ref-type="ref"}, [39](#epi412107-bib-0039){ref-type="ref"} similar to that described by our findings. Therefore, decreased myocardial Kv~4.2~ protein levels observed in this study, coupled with previous reports of decreased myocardial Kv~4.2~ levels during epileptogenesis,[15](#epi412107-bib-0015){ref-type="ref"}, [16](#epi412107-bib-0016){ref-type="ref"} suggest that decreased Kv~4.2~ ion channel levels may represent one candidate mechanism of potentially many that contributes to cardiac hyperexcitability in this model of epilepsy. In our studies, significant changes in the other ion channels evaluated were not seen. Other studies have also implicated altered Na^+^ currents in the cardiac remodeling associated with kainate‐induced status epilepticus and acquired epilepsy.[40](#epi412107-bib-0040){ref-type="ref"} Decreased Na^+^ currents could manifest in slower conduction velocity, as we have seen in the myocardium from epileptic animals. Although we did not observe decreased protein levels of myocardial Nav~1.5~ in the epileptic animals, we cannot exclude the possibility of altered Nav~1.5~ electrophysiological properties in the myocardium from epileptic animals due to post‐translational or other alterations in the channels. In addition, we did not investigate in this study region‐specific ion channel changes that may contribute to the observed alterations in cardiac electrophysiological properties. Further molecular and electrophysiological studies that examine region‐specific ion channel changes and in single, isolated cardiomyocytes are important future directions for identifying additional molecular candidates contributing to cardiac electrical remodeling.

Our data also revealed altered intrinsic electrical properties of the myocardium in chronically epileptic animals, represented by the decreased conduction velocity of the action potential propagation through the ventricles of the denervated hearts. In addition, experiments ex vivo demonstrated stimulation‐induced ventricular ectopy, suggesting that altered intrinsic electrical properties may be associated with increased ventricular excitability in the myocardium of epileptic animals. These cardiac electrical alterations occurred in the absence of obvious structural changes in the myocardium as reflected in normal myocardial histology, cardiac magnetic resonance imaging, and echocardiography in the epileptic animals. In this regard, our findings are consistent with the prevailing literature, which demonstrates a lack of clinically significant heart disease in individuals with epilepsy and risk factors for SUDEP.[12](#epi412107-bib-0012){ref-type="ref"}, [13](#epi412107-bib-0013){ref-type="ref"} In contrast, left ventricular hypertrophy and impaired cardiac performance have been reported previously in rats with audiogenic seizures and in a model of acquired epilepsy.[23](#epi412107-bib-0023){ref-type="ref"}, [24](#epi412107-bib-0024){ref-type="ref"} Of interest, impaired cardiac performance in chronically epileptic animals has been shown to occur following a seizure episode,[24](#epi412107-bib-0024){ref-type="ref"} which supports seizure‐induced acute myocardial failure as a potential etiology for sudden death in epilepsy.[13](#epi412107-bib-0013){ref-type="ref"} These changes may be model‐specific, or an alternative explanation for the discrepancy is that in the absence of an acute seizure these parameters may be normal in epilepsy. Recent unpublished studies (Schreiber J et al. Abstract Number 3.082, American Epilepsy Society Annual Meeting, 2016) have shown changes consistent with cardiac injury in chronically epileptic children using Echo speckle tracking. Thus, broader application of this technique in epilepsy may be warranted.

We have previously described decreased β1 receptor protein levels and activation of downstream intracellular signaling cascades 2 weeks following kainate‐induced status epilepticus suggesting early sympathetic predominance in a model of acquired epilepsy.[16](#epi412107-bib-0016){ref-type="ref"} Our findings in this study suggest cardiac sympathetic predominance in the chronically epileptic animals. Together, these observations indicate that persistent sympathetic predominance may represent a significant pathological feature associated with epilepsy. Therefore, reducing sympathetic input through β‐adrenergic blockade may represent a potential cardioprotective strategy. Indeed, attenuating increased sympathetic nervous system activity by administering atenolol prior to the induction of status epilepticus has been shown to prevent QTc prolongation and decrease VT/VF susceptibility 24 h following status epilepticus.[15](#epi412107-bib-0015){ref-type="ref"} However, treatment with β‐adrenergic blockers before the onset of spontaneous recurrent seizures as in these prior studies has less translational significance than instituting therapy when epilepsy is fully established. Here we have demonstrated that atenolol treatment in chronically epileptic animals at the time when cardiac alterations have become evident is protective. In primary cardiac pathology, blunting persistent sympathetic stimulation using a β‐blocker has been shown to ameliorate adrenergic receptor remodeling and other adverse cardiac effects.[30](#epi412107-bib-0030){ref-type="ref"} Because persistent sympathetic predominance may represent a significant pathological feature throughout epilepsy development, whether early initiation of β‐blockers may prevent or reverse epilepsy‐associated cardiac remodeling represents an important and clinically relevant area of future investigation.

There are additional factors that may influence the interpretation of our findings. First, ECG measurements were obtained under sedation/anesthesia. Furthermore, different anesthetic agents may exhibit varying effects on HR and ventricular repolarization. Therefore, the effects of sedation/anesthesia represent a significant confounder and our observations may not be readily translatable to awake, freely moving animals. Only male rats were used, which is a significant limitation of our study. Because gender is known to play an important role in cardiovascular health, our findings may not be applicable to the female gender.

In a model of chronic epilepsy. we have observed molecular correlates supporting persistently increased cardiac sympathetic tone and identified the remodeling of myocardial Kv~4.2~/Kv~4.3~ ion channels as a candidate mechanism contributing to increased ventricular excitability. These myocardial changes and susceptibility to stimulation‐induced VT occurred at the time when the epileptic animals exhibited an increased mortality rate. Future studies are needed to investigate whether fatal cardiac arrhythmias as a potential sequela of these myocardial changes contribute to early mortality in the epileptic animals, and whether modulating sympathetic tone will prevent long‐term cardiac remodeling and reduce the risk of arrhythmias later in the course of chronic epilepsy.
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**Figure S1.** Epileptic animals have decreased survival.

**Figure S2**. Epileptic animals have myocardial Nav~1.5~, Cav~1.2~, Kv~7.1~, and Kir~2.1~ protein levels comparable to sham animals.
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**Figure S3**. Epileptic animals have normal cardiac histology.

**Figure S4**. Atenolol shortens QTc intervals in sham animals.
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**Table S1**. Comparable heart rate variability between sham and epileptic animals.

**Table S2**. Epileptic animals exhibited cardiac structure and function comparable to sham animals by MRI.

**Table S3**. Epileptic animals exhibited cardiac structure and function comparable to sham animals by echocardiography.
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**Method S1**. Supplemental methods.
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